We investigated the applicability of flow cytometric (FCM) sorting to select, with no deleterious effects, fractions of living, highly motile spermatozoa after staining with rhodamine 123 (Rh123) and propidium iodide (PI) for assessment of their mitochondrial activity and viability, respectively. Sperm cells were subjected to FCM sorting according to their Rh123 fluorescence intensity, and computer-aided sperm analysis (CASA) for percentage motility and movement characteristic measurements was carried out on the entire sperm populations and on the Rhl23-positive (Rh123') sorted fractions. A first experiment on five sperm samples from fertile donors pre-selected by either swim-up or simplified Percoll gradient indicated no detrimental effect of the FCM sorting procedure because: (a) the numbers of Rh123' motile sperm were not decreased by FCM sorting; (b) data on the sorted fractions showed a tendency (not significant) for an increase in movement parameters rather than a drop; and (c) a significant decrease in the percentage of PI-positive (PI+) sperm (13% vs 3%; f l 0 . 0 5 ) was measured. A second experiment was performed on sperm samples from four patients, only washed and re-suspended in Bz medium. This demonstrated a significant increase in some characteristics of movement quality related to a substantial and selective immobilization of the less motile sperm. The significant drop in the percentage of PI' sperm after FCM sorting wO.01) was less pronounced than after FCM sorting of pre-selected sperm (12% vs 3%, respectively), indicating a lethal effect of FCM sorting on a small proportion of presumably moribund sperm. These preliminary data indicate a differential effect of FCM sorting on sperm according to their function characteristics and suggest the potential importance of these methods for the characterization in vitro of sperm subpopulations on the basis of functional criteria. (J Hisrochem
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Introduction
During the past decade a growing number of tests have been proposed to explore different functions of sperm cells (1). Among these, assays based on image and flow cytometry have offered great promise because of their potential to increase the accuracy, discriminating power, speed, and convenience of semen analysis in the context of basic and clinical uses. Computer-aided sperm analysis (CASA), an application of image analysis methods, has been extensively applied to the exploration of movement characteristics (3). Flow cytometry (FCM) with various fluorescent probes that specifically bind sperm components on living or fixed material has recently been applied to sperm chromatin analysis (3, analysis of X and Y ' Correspondence to: Dr. Jacques Auger, CECOS Paris-Bicttre, Centre Hospitalier, 94270 Le Kremlin-Bicttre, France. chromosome-bearing sperm (U), and quantitative evaluation of the acrosome reaction (8) . Rhodamine 123 (Rh123) has been used to compare mitochondrial membrane potential with sperm motility (6) and to concomitantly evaluate sperm mitochondrial activity by FCM and percent motility and movement features by CASA. It has been previously reported that the sperm of fertile men presented a bimodal fluorescence distribution indicating low (Rh123-) and high (Rh123') mitochondrial membrane potentials and that there were various correlations between FCM-derived data and movement features (2).
Since human semen samples are essentially heterogeneous, one desirable goal of basic and clinical studies is to find approaches that allow the characterization of sperm subpopulations in terms of cell function and integrity of the different sperm compartments, and the measurement of their relative ratio. We felt that FCM analysis and cell sorting would be an attractive tool to achieve this goal, since different fluorescent probes can be used, simultaneously or not, on living sperm. Furthermore, if this procedure has no deleterious effect on sperm it could be used for subsequent in vitro characterization of other functions.
The present preliminary study investigated the effect of FCM sorting on human sperm movement evaluated by CASA, by the measurement of one functional criterion, sperm mitochondrial activity. FCM sorting had no detrimental effect on pre-selected sperm samples but failed to improve sperm movement in the sorted population. By contrast, when non-pre-selected sperm samples were tested, we found that FCM sorting induced a selective immobilization of the presumably less motile sperm, since it significantly increased some mean values of movement quality Characteristics.
Materials and Methods
Two types of experiments were conducted to determine whether there was a detrimental effect of FCM sorting on sperm and, if not, to evaluate possible improvement in movement quality. The first experiment was carried out on sperm samples from five fertile donors after a mean abstinence of 3 days. The samples were allowed to liquefy for 30 min at 37°C and were then subjected to routine semen analysis. Initial semen characteristics fell within normal ranges according to World Health Organization (WHO) criteria (22) . Motile spermatozoa were selected either by a swim-up procedure in B2 Menezo medium (Bio-MErieux; Marcy EEtoile, France) (14) or by centrifugation on two layers (90%-40%) of simplified Percoll gradient (18) and were re-suspended in B2 medium before the analysis. These two methods were used interchangeably, since the routine use of both in our in vitro fertilization program provides overall similar results when the initial motility is 250%. Sample 2 was selected by Percoll because of its low initial motility (20%). since such sperm samples usually have a better motility recovery rate by this procedure.
The second experiment was carried out on four sperm samples from patients after a mean abstinence of 3 days. Sperm samples were prepared by two washings in Bz medium (400 x g, 10 min). In this experiment all the sperm samples were incubated for 12 hr in B2 medium at 21°C in sealed tubes to evaluate a possible differential deleterious effect of cell sorting as opposed to the first experiment, in which conditions of sperm preparation were optimized.
The two experiments combined FCM analysis of Rh123-and propidium iodide (PI)-stained sperm samples, FCM sorting of sperm fractions, and CASA measurements before and after sorting to evaluate movement characteristics Rh123 and PI Staining. The Rh123 staining procedure for spermatozoa has been described previously (2). Briefly, sperm cells were incubated with 10 pg/ml Rh123 (Eastman Organic Chemicals; Rochester, NY) for 10 min at 21°C in B2 medium, submitted to a centrifugation step (400 x g, 5 min), then incubated for 45 min in dye-free Bz medium to eliminate the Rh123 nonspecifically bound to the mitochondria. In addition, the cells were counterstained with 0.2 pg/ml PI in B2 medium 5 min before analysis, to distinguish dead (PI') from living cells (PI-). Cell Sorting. Because of the particularity of the biological material used (motile cells), a pilot study was conducted to optimize the FCM sorting conditions (sheath fluid, laser power, rate of sorting, droplet charge, and cell collection conditions) to eliminate a possible detrimental effect on the various parameters. According to the bimodal distribution of Rh123 fluorescence, the fractions of highly fluorescent sperm (Rh123') were sorted for each donor (100,000 Rh123' spermatozoa at a rate of 1000 events/sec) into tubes containing 1 ml of B2 medium. The sorted sperm populations of all samples were centrifuged (400 x g, 5 min) and the pellet was resuspended in Bz medium before CASA measurements.
CASA Measurements. Five pl of the sperm samples to be analyzed was deposited in a Microcell (12-pm depth) (Motion Analysis; Santa Rosa, CA) that was placed on a heated stage (slide warmer; Motion Analysis) pre-warmed to 37°C under an Olympus BH2 phase-contrast microscope. The image was digitized using a x 20 objective with a CCD video camera (NEC, KK, photographic eyepiece of x 2.5 magnification) and transmitted to the monitor of the CelltraklS CASA system (Motion Analysis). For each aliquot, whatever the sperm concentration, percentage motility (MOT) and various movement characteristics [curvilinear velocity (VCL), straight line velocity (VSL), linearity of trajectory (LIN), amplitude of lateral head displacement (ALH)] were analyzed for at least 150 sperm cells. The description of these characteristics has been reported elsewhere (17) . The computer settings used for the study were as follows: frame rate 6OHz; data capture duration 30 frames; minimum frames for path characteristics calculation 25; threshold velocity 10 pmkec; maximum velocity 500 pmlsec; size (low, high) 2-10; smooth factor for ALH calculation 7; distance scale factor 0.932.
Statistical Analysis. The paired t-test was used to evaluate statistical differences between parameters of overall populations and sorted subpopulations with BMDP statistical software (Cork Technology Park; Cork, Ireland).
Results
Before FCM sorting, all sperm samples displayed a bimodal Rh123 fluorescence distribution. The sperm cells in the first peak had a low Rh123 fluorescence (Rh123-) and PI-stained cells (PI+) were found in this population, whereas the sperm cells in the second peak had a high Rh123 fluorescence (Rh123') as previously reported for sperm samples from fertile men (2). Figure 1 shows the biparametric analysis of Rh123 fluorescence (mitochondrial activity) vs PI fluorescence (viability) for one sperm sample. Sperm populations under the second peak were gated to allow the subsequent isolation of Rh123' populations by FCM sorting facilities.
First Experiment
The sorted Rh123' population (%) was not significantly different from the Rh123' in the entire population, and reanalysis of the sorted population for PI fluorescence indicated a significant drop in dead sperm (3% vs 13%, respectively; p<O.OS), as shown in Table 1. When sperm motility and movement features before and after FCM sorting were compared, we found only a tendency (not significant) to an increase in mean values (MOT, VCL, VSL, ALH) rather than a detrimental effect of the FCM sorting conditions (Table 1) .
Second Experiment
The single re-suspension of sperm in B2 medium, followed by a 12-hr incubation in the same medium, showed significant improvement in some parameters of the sorted sperm ( Table 2 ). The percentage of Rh123' cells was significantly increased after sorting (p<0.03), whereas the PI+ cell population was significantly decreased (12% vs 46%;p<0.01). MOT was not modified, whereas the movement characteristics VCL and ALH were significantly increased (p<o.o> and p<0.07, respectively). The FCM sorting had successfully selected Rh123+, PI-sperm populations (sorting purity = 98 f 1%).
Discussion
This preliminary study was undertaken to test the applicability of flow cytometric cell sorting of living human sperm and its efficiency in obtaining a more homogeneous sperm population with improved functional quality.
To address this question, we examined both the quality of movement and the mitochondrial activity of sperm cells, since the mitochondrial membrane potential of human sperm evaluated by the specific dye Rh123 was recently reported to correlate with movement quality using a combination of flow cytometry (FCM) and computeraided sperm analysis (CASA) (2). Sperm cells were selected on the basis of their Rh123 uptake, and then CASA was used to evaluate sperm motility and movement characteristics before and after sorting, an indirect but convenient and precise approach for the evaluation of the functional quality of living sperm (16) .
The overall recovery of a motile sperm population with vigorous movement after sorting in both experimental situations (sperm pre-selected for motility or not) indicated that FCM sorting was not deleterious for motion, at least for one fraction of the initial motile sperm populations. In this regard, it should be noted that experimental sorting conditions were optimized in the pilot study (which used pre-selected sperm) by evaluating the possible effect of laser power, rate of sorting, droplet charge, and cell collection conditions. However, for the individual values of each initial sperm sample, it appeared that FCM may be more or less toxic (i.e., lethal or immobilizing) to sperm when viability, motility, and motion characteristics are considered depending on the sperm population under study or the initial quality of sperm (reflected by MOT and movement characteristics) in the entire population (sample to sample variability) (Tables 1 and 2) .
In the first experiment, the purity and efficiency of sorting were high (98% for both). Moreover, the very low percentage of PI-stained sperm after sorting indicated that FCM sorting had no detectable lethal effects on these sperm. The absence of improved movement quality in the first experiment was related to the initial quality of the sperm populations used: they were obtained from fertile donors and selected by either swim-up or Percoll gradient, resulting in a high percentage of motility and vigor of motion (Tiable 1). The present data obtained on Rh123'-sorted fractions confirmed the previously reported correlations between FCM-derived data and move-ment data on pre-selected sperm suggesting that the sperm under the second peak were the most motile sperm (2).
Without initial pre-selection (second experiment), it was possible to sort a subpopulation with a significantly improved viability and quality of movement on the basis of high Rh123 fluorescence (Rh123' population). The purity of sorting was found similar to that with pre-selected sperm. However, the efficiency of sorting was lower. Of interest is the absence of enrichment in the percentage of motile sperm (MOT) with a concomitant significant increase in the Rh123' population that could indicate that the sperm under the second peak comprised several subpopulations with a different movement status not correlated to the Rh123 fluorescence. Using fluorescence microscopy, we observed immobilized sperm with a bright fluorescent midpiece. Some investigators have observed a similar phenomenon in other cell types. Weathley et al. (21) evoked heat-induced damage in HeLa cells, such as swelling of mitochondria, modified organization of cristae, and an increase in the individual intercristae spaces that could precede cell death, which could lead to an increased uptake of Rhi23. Under our experimental conditions, the data suggest an immobilizing effect of the FCM sorting procedure on some of the sperm tails, decoupled from the mitochondrial activity, rather than a lethal effect on the complete cell. It is worth noting that the worst initial MOT obtained for Sample 5 ( Table 2) was correlated with about 10% broken tails after FCM sorting, as revealed by fluorescence microscopy, and was not observed in any other samples. The decrease in dead sperm after sorting was less pronounced than with pre-selected sperm, suggesting that a small fraction of the sorted population was killed by the sorting procedure. Comparison of all the data indicating a deleterious effect of the sorting procedure on some of the sperm and the finding of an increased quality of movement of the sorted motile population (VCL, ALH) suggested that only the less functional sperm were immobilized or killed by the sorting procedure. Because of this differential effect on sperm, FCM sorting succeeded in producing a more homogeneous human sperm subpopulation with resulting improved movement.
Using a similar approach on hematopoetic cells, Srour et al. (19) have demonstrated that Rh123 staining, labeling by specific antibodies, and FCM sorting were not toxic, since the sorted cells were able to form colonies in vitro. Recently, the innocuity of FCM as well as its efficacy in selecting sperm subpopulations has been reported where sperm penetration and pronuclei development were obtained in hamster oocytes microinjected with different mammalian sperm subpopulations sorted by their X and Y chromosomes (11) . Furthermore, Morrell and Dresser (15) have reported no modification of fertilization and no evident alteration of embryonic development in four mammalian species (including five successive generations of rabbits) when intrauterine insemination with Hoechst 33342-stained and FCM-sorted sperm was used. However, as opposed to our investigations, these reports did not document the ratio of recovery after FCM sorting.
A wide range of fluorescent molecules can detect functions of living cells (for review see 20) , and monoclonal antibodies conjugated with a fluorochrome have already been used in combination with FCM to quantify functional changes of mammalian spermatozoa under various experimental conditions (10) . Moreover, FCM appears to allow a rapid evaluation of several parameters of cell func-tions simultaneously for each spermatozoon in a sample population (5, 9) . Therefore, it appears that the combined use of various fluorescent probes on living sperm, FCM, and sorting facilities might be an important breakthrough for characterization of the subpopulations in the semen of infertile patients. Such an approach is presently under study, since preliminary experiments using the heterospecific assay of the penetration of zona-free hamster eggs (23) by FCM-sorted sperm indicate similar penetration rates with sorted and non-sorted sperm populations (data not shown).
Another possible development of such an investigation may be the clinical use of sorted sperm subpopulations using other designs of FCM sorting for safety combined with specific in vitro fertilization techniques that require only small numbers of spermatozoa (13) . An essential prerequisite would be that this methodology be demonstrated to be non-toxic to the sperm cell and to the developing embryo. Each step of the FCM-sorting procedure should be assessed. The absence of toxicity of the fluorescent probes could be monitored by CASA (2) 
